Interleukin-6 (IL-6) is an important neuroimmune factor that is increased in the brain by alcohol exposure/withdrawal and is thought to play a role in the actions of alcohol on the brain. To gain insight into IL-6/alcohol/withdrawal interactions and how these interactions affect the brain, we are studying the effects of chronic binge alcohol exposure on transgenic mice that express elevated levels of IL-6 in the brain due to increased astrocyte expression (IL-6 tg) and their non-transgenic (non-tg) littermate controls. IL-6/alcohol/withdrawal interactions were identified by genotypic differences in spontaneous brain activity in electroencephalogram (EEG) recordings from the mice, and by Western blot analysis of protein activation or expression in hippocampus obtained from the mice after the final alcohol withdrawal period. Results from EEG studies showed frequency dependent genotypic differences in brain activity during withdrawal. For EEG frequencies that were affected by alcohol exposure/withdrawal in both genotypes, the nature of the effect was similar, but differed across withdrawal cycles. Differences between IL-6 tg and non-tg mice were also observed in Western blot studies of the activated form of STAT3 (phosphoSTAT3), a signal transduction partner of IL-6, and subunits of GABA A receptors (GABA A R). Regression analysis revealed that pSTAT3 played a more prominent role during withdrawal in the IL-6 tg mice than in the non-tg mice, and that the role of GABA A R alpha-5 and GABA A R alpha-1 in brain activity varied across genotype and withdrawal. Taken together, our results suggest that IL-6 can significantly impact mechanisms involved in alcohol withdrawal.
Introduction
Alcohol withdrawal and associated symptoms are an important negative consequence of alcohol abuse and are thought to contribute to the development of alcohol dependence. During alcohol withdrawal, alterations in brain activity occur as a consequence of alcohol-induced adaptive changes in the activity of neurons and synaptic pathways. When alcohol levels decline during alcohol withdrawal, the adaptive changes result in an imbalance in excitatory and inhibitory synaptic transmission leading to altered patterns of brain activity (Becker, 1998; Becker and Mulholland, 2014) . In addition to neurons, glial cells of the brain are also affected by alcohol, particularly astrocytes and microglia, and can play an important role in the alterations in excitatory and inhibitory synaptic transmission during alcohol withdrawal (Adermark and Bowers, 2016; Lutz et al., 2015; Miguel-Hidalgo, 2009; Pascual et al., 2015) .
Glial cells, particularly astrocytes, are extremely abundant throughout the brain (Miguel-Hidalgo, 2009) , and are an important component of the neuroimmune system of the brain, which is involved in a variety of functions under both healthy and pathological conditions (Northrop and Yamamoto, 2011) . Glial cells secrete a variety of neuroimmune factors such as cytokines and chemokines, which can regulate physiological and pathological processes. Studies have shown that alcohol exposure and/or withdrawal (alcohol exposure/withdrawal) can induce activation of glial cells, resulting in increased expression of neuroimmune factors (Blanco et al., 2005; Lacagnina et al., 2017) . One of the important neuroimmune factors found to be increased by alcohol exposure/withdrawal is the cytokine IL-6. Cell culture studies showed that both astrocytes and microglia produce increased levels of IL-6 when exposed to alcohol (Boyadjieva and Sarkar, 2010; Sarc et al., 2011) .
Increased levels of IL-6 (mRNA or protein) in the brain or brain cells have been demonstrated for a number of different alcohol exposure/withdrawal paradigms. For example, a prominent and prolonged increase in the level of IL-6 mRNA was induced in several regions of the rat brain by acute alcohol exposure (4 g/kg, i.p.) and withdrawal (3e9 h and 18 h post alcohol, respectively) (DoremusFitzwater et al., 2014) . Chronic alcohol exposure (10 days) administered by gavage (6 g/kg per day) increased IL-6 mRNA levels in the cerebellum of mice (Kane et al., 2014) . Chronic alcohol consumption (13 g/kg per day for 3 weeks) using a two-bottle choice drinking paradigm also increased levels of in the mouse brain (Zhang et al., 2014) . Interestingly, a recent study showed that alcohol-induced changes in the level of mRNA for several cytokines, including IL-6, in the brain of rats could be modulated by behavioral conditioning, such that alcohol pairing with a conditioned stimulus resulted in a conditioned cytokine response (Gano et al., 2017) .
The consequences of alcohol-induced expression of IL-6 in the brain have yet to be resolved. Studies indicate that increased levels of IL-6 can affect neuronal and synaptic function and behavior (Balschun et al., 2004; Gruol, 2014; Heyser et al., 1997; Li et al., 1997; Nelson et al., 1999 Nelson et al., , 2012 Steffensen et al., 1994; Sukoff Rizzo et al., 2012; Tancredi et al., 2000; Wei et al., 2012; Wu and Lin, 2008) . Thus, alcohol-induced production of IL-6 may play a role in the altered brain function associated with alcohol use. This possibility is supported by studies of mice that are deficient in IL-6 (i.e., IL-6 knockout mice). IL-6 null mice show reduced alcohol preference in a two-bottle drinking test, suggesting that IL-6 plays a role in alcohol consumption (Blednov et al., 2012) . In addition, our studies of transgenic mice that chronically express elevated levels of IL-6 in the brain due to increased astrocyte expression revealed altered effects of acute alcohol on brain activity and hippocampal synaptic function (Hernandez et al., 2016) . In these studies, the IL-6 tg mice were used as an experimental system to investigate potential neuroadaptive changes that could be produced in the brain by alcohol-induced increases in IL-6. Results showed that IL-6 tg mice display a higher level of brain activity (as measured in EEG recordings and handling induced convulsions) than non-tg control mice during withdrawal from an acute high dose of alcohol (4 gm/ kg). In addition, in vitro studies showed altered effects of acute alcohol (60 mM) on synaptic function at the Schaffer collateral to CA1 pyramidal neuron synapse in hippocampal slices from IL-6 tg mice. Excitatory synaptic transmission was enhanced by acute alcohol (60 mM) in hippocampal slices from IL-6 tg mice, but depressed in hippocampal slices from non-tg mice (Hernandez et al., 2016) . Also, acute alcohol depressed synaptic plasticity (long-term potentiation: LTP) in hippocampal slices from non-tg mice, an effect that was not observed in hippocampal slices from IL-6 tg mice, suggesting a resistance of hippocampal synapses in the IL-6 tg mice to the effect of acute alcohol on LTP (Hernandez et al., 2016) . Taken together, the above studies provide support for the proposal that actions of alcohol and IL-6 can interact, which could be an important consequence of alcohol exposure/withdrawalinduced production of In the current studies, we have extended our investigation of alcohol/IL-6 interactions by examining brain activity in IL-6 tg and non-tg mice subjected to a chronic intermittent alcohol (ethanol) exposure (CIE)/withdrawal paradigm. The CIE paradigm reflects a binge pattern of alcohol use, which is known to have deleterious effects on brain function and is a risk factor for the development of alcoholism (Duka et al., 2004) . The CIE paradigm includes three cycles of alcohol exposure/withdrawal. Repetitive patterns of alcohol exposure/withdrawal have been shown to increase the intensity of withdrawal symptoms including those involving brain activity (Gonzalez, 1998; Veatch and Becker, 2002; Walker and Zornetzer, 1974) .
Alcohol/IL-6 interactions in the IL-6 tg and non-tg mice were identified by changes in spontaneous brain activity during alcohol withdrawal measured on a global level using electroencephalogram (EEG) recording, which provides a sensitive measure of brain electrical activity. EEG activity is derived from interacting oscillatory patterns of electrical activity generated in different brain regions by synchronized patterns of synaptic network activity and spontaneous neuronal firing (Lopes da Silva, 1991). EEG activity was analyzed at standard frequencies including delta (0.5e4.0 Hz), theta (4e12 Hz), alpha (8e12 Hz) and gamma (30e60 Hz). These frequencies reflect the dynamics of brain networks that subserve various sensory and cognitive processes. Slow-wave activities (1e4 Hz) are typically associated with sleep, less attentive conditions and drowsiness, while the faster-wave activities (12e60 Hz) are associated with arousal and attentive states (Pian et al., 2008) . The slow wave activity (delta and theta) is thought to reflect synchronous local neural activity of high amplitude and low frequency, whereas the higher wave activity is thought to reflect asynchronous activity of low amplitude and high frequency (Steriade et al., 1990; Whitford et al., 2007) .
The EEG recordings were carried out during each of the three withdrawal periods of the CIE paradigm. Following the third withdrawal period, the mice were sacrificed and the expression or activation of several relevant proteins was examined in the hippocampus by Western blot, to identify long-term adaptive changes that could play a role in alcohol/IL-6 interactions that affect brain activity. These proteins included a primary signal transduction partner of IL-6, STAT3 (signal transducer and activator of transcription 3), proteins involved in GABAergic inhibitory mechanisms and housekeeping proteins. The hippocampus was of interest for several reasons: (a) the hippocampus plays a prominent role in brain activity measured in the EEG recordings in alcohol-exposed animals (Gonzalez, 1998; Veatch and Gonzalez, 1996) , (b) the hippocampus is thought to play a central role in theta and gamma frequency activity (Wulff et al., 2009) , (c) alcohol exposure/withdrawal increased the level of IL-6 mRNA in the rat hippocampus (Doremus-Fitzwater et al., 2014) , (d) a high level of IL-6 and IL-6R mRNA is expressed in the hippocampus (Gadient and Otten, 1994) , (e) in the IL-6 tg mice the hippocampus contains one of the highest number of transgene-expressing astrocytes in the forebrain region (Vallieres et al., 2002) , and (f) our previous studies showed that IL-6/alcohol interactions occur in this brain region (Hernandez et al., 2016) .
Results from the EEG studies showed frequency dependent genotypic differences in brain activity during the three alcohol withdrawals of the CIE paradigm. Differences between IL-6 tg and non-tg mice were also observed at the level of protein activation or expression in Western blot studies of hippocampus. Regression analysis demonstrated a predictive relationship between results from protein assays and EEG activity. Taken together, our results support a role for IL-6 in the effects of alcohol on the brain and have identified potential targets of alcohol exposure/withdrawal interactions.
Methods

Transgenic mice
IL-6-tg mice (heterozygote low expressor from the 167 line (Campbell et al., 1993) ) and their non-tg littermate controls were used for these studies. Production of the transgenic mice has been described previously (Campbell et al., 1993) . Elevated IL-6 expression in the brain of the mice was directed to astrocytes using an expression vector derived from the murine glial fibrillary acidic protein (GFAP) gene. Heterozygous male and female IL-6-tg (n ¼ 21) and non-tg (n ¼ 23) mice obtained by breeding heterozygous IL-6 tg mice with wild-type C57BL/6J mice were used for these studies. Mice were genotyped by PCR analysis of tail DNA using standard methods. All animal procedures were performed in accordance with the National Institutes of Health Guideline for the Care and Use of Laboratory Animals. Animal facilities and experimental protocols were in accordance with the Association for the Assessment and Accreditation of Laboratory Animal Care.
Chronic intermittent alcohol (ethanol) (CIE)
Animals were alcohol naive at the start of the experiments. Male and female adult IL-6-tg and non-tg mice were exposed to alcohol using a chronic intermittent alcohol exposure model (Fig. 1A) . Mice from each genotype were randomly divided into two groups, one group was subjected to intermittent alcohol vapor (CIE) treatment and the second group to control air (control) in La Jolla Alcohol Research (La Jolla, CA) vapor chambers. The CIE group was injected with 1.75 g/kg alcohol plus 68.1 mg/kg pyrazole (alcohol dehydrogenase inhibitor; used to stabilize blood alcohol levels) prior to alcohol vapor exposure. The CIE group was exposed to three days of alcohol vapor (16 h vapor on, 8 h off) and then left undisturbed for 72 h before a second exposure/withdrawal cycle was started. Three alcohol exposure/withdrawal cycles were used for these studies. For each cycle, at the end of the 2 ND day of alcohol vapor exposure, mice were removed from the chambers and tail blood was obtained for determination of blood alcohol levels. Target blood alcohol levels were 150e225 mg%. The control group was injected with 68.1 mg/kg pyrazole in saline, placed in chambers delivering air for the same period as the alcohol exposed animals.
Electroencephalogram (EEG)
EEG analysis was performed as previously described (Hedlund et al., 2005; Huitron-Resendiz et al., 2004 . EEG recordings were made with stainless steel screw electrodes implanted on the frontal and parietal bone over the hippocampus using the coordinates: 2.0 mm posterior and 2.0 mm lateral to bregma according to The Mouse Brain in Stereotaxic Coordinates (Franklin and Paxinos, 1997) . To reduce signal artifacts, an additional EEG electrode was implanted over the cerebellum and used to ground the animal. The animals were exposed to general anesthesia (1e1.5% isoflurane) during surgery to place the electrodes. Insulated leads from the EEG electrodes were crimped to male pins (220-P02) and then cemented to the skull with dental acrylic. Mice were allowed 2 weeks to recover after surgical implantation before starting the studies.
To record EEG signals, mice were connected to commutators (PlasticOne) with flexible recording cables to allow unrestricted movements within the cage. The mice were habituated to the recording cages for 24h. EEG signals were amplified (frequency range: 0.3 to 10 KHz) and displayed on a computer monitor. Signals were stored with a resolution of 128 Hz in the hard drive of a computer for the off-line spectral analysis using software supplied by Kissei Comptec. EEG power, a measure of the amplitude of the signal as a function of frequency (microvolts squared per Hz), was analyzed using 4-s epochs at delta (0.5e4.0 Hz), theta (4e12 Hz), alpha (8e12 Hz) and gamma (30e60 Hz) frequencies. Successful recordings (i.e., no noise interference) were obtained from 14 IL-6 tg and 17 non-tg mice.
Protein assays
IL-6 tg and non-tg mice were anesthetized with isoflurane, decapitated, and the hippocampus dissected from the remainder of the brain and snap frozen in liquid nitrogen. Animals were sacrificed after the 3rd withdrawal and were 4e7 months of age at the time of sacrifice. Protein samples were prepared from hippocampus as previously described Nelson et al., 2012) . Briefly, proteins were extracted by sonication in cold lysis buffer containing 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.5% NP-40, a Complete Protease Inhibitor Cocktail Tablet (Roche Diagnostics, Mannheim, Germany), and a cocktail of phosphatase inhibitors (Na þ pyrophosphate, b-glycerophosphate, NaF, Na þ orthovanadate; all from Sigma-Aldrich). The samples were incubated on ice for 30 min, centrifuged at 13,860 g for 30 min at 4 C, and the supernatants were collected. Protein concentration in the supernatants was determined using the Bio-Rad Protein Assay Kit (Bio-Rad, Hercules, CA). Aliquots were stored at À80 C. Expression of proteins was determined by Western blot following previously published protocols Nelson et al., 2012) . Briefly, equal amounts of hippocampal protein samples were subjected to SDS-PAGE using 4e12% Novex NuPAGE Bis-Tris gels (Invitrogen Life Technologies, Grand Island, NY). Protein samples of hippocampus from IL-6 tg and non-tg mice were run on the Fig. 1 Membranes were stripped and reprobed for beta-actin. To standardize results, the density of each band was normalized to the density of the band for beta-actin in the same lane. Normalized data from IL-6 tg hippocampus were then normalized to the average normalized value for non-tg hippocampus run on the same gel. Data were combined according to genotype and treatment.
The following antibodies were used for Western blot studies: a monoclonal rabbit antibody produced in rabbits by immunizing with a fusion protein corresponding to a sequence in the carboxyterminal of mouse STAT3 protein (AB#4904; 1:1000; Cell Signaling Technologies); a purified rabbit polyclonal antibody produced in rabbits by immunizing with a synthetic phospho-peptide corresponding to the residues surrounding Tyr705 of mouse STAT3 (AB#9131; 1:1000; Cell Signaling Technologies); A purified rabbit polyclonal antibody produced by immunizing rabbits with a synthetic peptide derived from human GAD65/GAD67 (#PA5-38102, 1e2000, Invitrogen); a purified mouse monoclonal antibody to gamma-aminobutyric acid receptor subunit alpha-5 (GABA A R alpha-5) produced by immunizing mice with a fusion protein containing a sequence from the cytoplasmic domain of human GABA-AR-alpha 5 (Anti-GABA-A-R-Alpha5, clone N415/24, 1e500, UC Davis/NIH NeuroMab Facility); an antibody raised against a fusion protein from the cytoplasmic N-terminus of mouse vesicular GABA transporter (VGAT) (anti-VGAT clone L118/80, UC Davis/NIH NeuroMab Facility); an antibody raised against a fusion protein from the N-terminus of human gephyrin (anti-gephyrin clone L106/ 83, UC Davis/NIH NeuroMab Facility); a purified mouse monoclonal antibody to a synthetic peptide (amino acids 411e422) of human glial fibrillary acidic protein (GFAP) (Anti-GFAP, NeuroMab clone N206A/8, 1e10,000, UC Davis/NIH NeuroMab Facility); a purified rabbit polyclonal antibody produced by immunizing rabbits with a synthetic peptide derived from the sequence of human enolase-2 (AB#9536, 1e1000, Cell Signaling Technology); a monoclonal antibody to beta-actin produced by immunizing mice with a synthetic peptide corresponding to a sequences in the amino-terminal of human beta-actin (AB#3700, 1:10,000; Cell Signaling Technology); a monoclonal antibody to beta-actin produced by immunizing rabbits with a synthetic peptide corresponding to a sequences in the amino-terminal of human beta-actin (AB#4970, 1:5000; Cell Signaling Technology).
Statistics
Statistical analyses were conducted using ANOVA or the MannWhitney test (for non-parametric data). Data were assessed for normality using the Kolmogorov-Smirnov (K-S) test and, for variance, by the F-test. For data analyzed by ANOVA, compiled data were expressed as the mean ± SEM in the text and graphs. For nonparametric data, the Mann Whitney test was used and median, maximum, and minimum values are shown in box graphs. Statistical significance was set at p 0.05. n ¼ number of animals used. For all regression analyses, data points represent individual mice where EEG and biochemical measurements were available from the same mouse.
Results
Blood alcohol levels (BAL)
BALs were measured on the 2 ND day of alcohol exposure at the end of the 16 h exposure period for each of the three alcohol exposure/withdrawal cycles (Fig. 1A) . Moderate BALs were achieved and were not significantly different for non-tg and IL-6 tg mice (Fig. 1B) . Mean (SEM) values (averaged for three alcohol exposure periods) were 150 ± 12 mg/dl (n ¼ 11) for non-tg mice and 136 ± 11 mg/dl (n ¼ 9) for IL-6 tg mice and were not significantly different (F(18,1) ¼ 0.741, p ¼ 0.40). There was no effect of the alcohol on animal weights for either genotype (non-tg,
Average weights at the end of the experiment were 25.7 ± 1.9 g (n ¼ 12) and 26.6 ± 1.4 g (n ¼ 12) for control and alcohol exposed/withdrawn non-tg mice, respectively, and 25.1 ± 1.4 g (n ¼ 12), and 26.2 ± 1.4 g (n ¼ 12) for control and alcohol exposed/withdrawn IL-6 tg mice, respectively.
Brain activity measured by EEG recordings
Spontaneous EEG activity, which included episodes of wakefulness, slow wave sleep and REM sleep ( Fig. 2) , was quantified as EEG power (amplitude of the signal as a function of frequency) at standard frequency bands, delta (0.5e4.0 Hz), theta (4e12 Hz), alpha (8e12 Hz), and gamma (30e60 Hz) frequencies. EEG recordings in control and alcohol-treated IL-6 tg and non-tg mice were begun at the end of each of the three 72 h cycles of alcohol vapor or air exposure and were continued for a 24 h withdrawal period. For analyses, EEG activity for each frequency band during each 24 h recording period was normalized on an individual animal basis to starting values at the beginning of a recording period (i.e., at the termination of an alcohol exposure cycle). Starting values were defined as an average of first 3 values of the 24 h recording period. Normalization was used to adjust for differences in baseline activity and potential differences in the effects of alcohol exposure on the four frequency bands, facilitating analysis of EEG activity during withdrawal. Our previous studies showed that under alcohol naïve conditions there was no difference in EEG power for the delta, theta and alpha frequency bands between IL-6 tg and non-tg mice. However, EEG power for the gamma frequency band was significantly higher in the IL-6 tg mice compared to the non-tg mice (Hernandez et al., 2016) .
Normalized EEG power fluctuated over the course of the 24 h recording period for each frequency band in alcohol exposed/ withdrawn and control mice of both genotypes. Visual inspection of normalized EEG power graphs indicated periods where differences in normalized EEG power between alcohol exposed/withdrawn and control mice were evident ( Fig. 3A1-D1 ). The duration and amplitude of the difference varied between genotypes and across withdrawals, but in general the most prominent differences were observed during similar time periods for non-tg and IL-6 tg mice, and these time periods were the focus of statistical comparisons. For the delta, theta, and alpha bands, the most prominent differences were observed at time periods 4e17 h, 7e14 h and 9e12 h post alcohol, for the 1 ST , 2 ND and 3 RD withdrawal period, respectively. For the gamma band, the most prominent differences were observed during the 14e24 h (1 ST and 2 ND withdrawals) and 4e13 h (3 RD withdrawal) time periods post alcohol. Normalized EEG power was averaged over these time periods for each frequency band for alcohol exposed/withdrawn and control IL-6 tg and non-tg mice and results were compared statistically within a genotype.
3.2.1. Delta power (0.5e4.0 Hz) Normalized delta power was significantly reduced in the alcohol-treated non-tg mice compared to control non-tg mice during the 1 ST and 2 ND withdrawal periods (1 3A1,2 ). The significance difference occurred over a shorter time period for the 2 ND withdrawal than the 1 ST withdrawal (Fig. 3A) . There was no significant difference in normalized delta power between the alcohol-treated non-tg mice compared to control non-tg mice during the 3rd withdrawal period (9e12 h, 3A1,2) . In contrast to the non-tg mice, there was no significant difference in normalized delta power between alcohol-treated and control IL-6 tg mice for any of the three withdrawal periods (1 (Fig. 3A1,2 ). Thus the non-tg and IL-6 tg mice differed in the effects of alcohol exposure/withdrawal on normalized delta power, with the IL-6 tg mice showing resistance to the reduction in normalized delta power observed in the non-tg mice.
Theta power (4e12 Hz)
Normalized theta power was significantly reduced in the alcohol-treated non-tg mice compared to control non-tg mice during the 1 ST and 2 ND withdrawal periods (1
There was no significant difference in normalized theta power during the 3rd withdrawal period (9e12 h, (F(1,15) ¼ 3.971, p ¼ 0.06). In IL-6 tg mice, there was no significant difference in the normalized theta power between alcohol-treated and control IL-6 tg mice during the 1 (Fig. 3B1,2) . However, there was a significant reduction in normalized theta power during the 2 ND and (Fig. 3B1,2) . Thus, both the non-tg and IL-6 tg mice showed a reduction in normalized theta power during withdrawal. However, the non-tg mice were most affected during the 1st and 2 ND withdrawals, whereas the IL-6 tg mice were most affected during the 2 ND and 3 RD withdrawals.
3.2.3. Alpha power (8e12 Hz) Normalized alpha power was significantly reduced in the alcohol-treated non-tg mice compared to control non-tg mice during all three withdrawal periods (1 (Fig. 3C1,2 ). There was a significant reduction in normalized alpha power for alcohol-treated IL-6 tg mice compared to control IL-6 tg mice during the 2 ND and withdrawal period, but not during the 1 (Fig. 3C1,2) . The difference in normalized alpha power between alcohol-treated and control IL-6 tg was prominent during the 3 RD withdrawal period.
Thus, both non-tg and IL-6 tg mice showed a reduction in normalized alpha power during withdrawal. However, the reduction occurred during all three withdrawals in the non-tg mice but only during the 2nd and 3 RD withdrawals for the IL-6 tg mice.
Gamma power (30e60 Hz)
There was no significant difference in normalized gamma power for the alcohol-treated non-tg mice compared to control non-tg mice for all three withdrawal periods (1 (Fig. 3D1,2 ). There was no significant difference in normalized gamma power between alcohol-treated and control IL-6 tg mice during the 1 ST withdrawal period (Fig. 3D1,2 ). However, there was a significant difference in normalized gamma power for the 2 ND and 3 RD withdrawal periods (2 ND , 14e24 h, U ¼ 6, n 1 ¼ 7, n 2 ¼ 7, (Fig. 3D1,2 ).
Thus the non-tg and IL-6 tg mice differed in the effects of alcohol exposure/withdrawal on normalized gamma power, with the nontg mice showing no effect on normalized gamma power during withdrawal and the IL-6 mice showing an effect on normalized gamma power during the 2 ND and 3 RD withdrawals.
In summary, the effect of alcohol on normalized EEG power was similar for IL-6 tg and non-tg mice in that there was a significant reduction in normalized EEG power during alcohol withdrawal in both genotypes (except for normalized EEG gamma power during the 2nd withdrawal in IL-6 tg mice). However, there were genotypic differences with respect to the frequency band and withdrawal number affected by alcohol exposure/withdrawal, as summarized in Table 1 . In particular, the non-tg mice showed an effect of alcohol exposure/withdrawal on normalized EEG power during the 1st withdrawal for the delta, theta and alpha frequency bands, whereas normalized EEG power was unaffected in the IL-6 tg mice during the 1st withdrawal for any of the frequency bands examined.
Signal transduction
Results from the EEG studies show that persistent expression of IL-6 in the CNS of IL-6 tg mice alters the effects of alcohol exposure/ withdrawal on brain activity. IL-6 acts through a cognate receptor, the IL-6 receptor (IL-6R), and several signal transduction pathways to produce biological effects. A primary signal transduction pathway utilized by IL-6 involves IL-6-induced STAT3 activation through phosphorylation at the Tyr 705 site of STAT3 (pSTAT3). To gain information on a potential involvement of STAT3 in IL-6/ alcohol exposure/withdrawal interactions, we measured by Western blot the level of pSTAT3 and STAT3 in the hippocampus from alcohol exposed/withdrawn and control mice from both genotypes. Mice were sacrificed for Western blot studies at the end of the 3rd withdrawal period. The levels of pSTAT3 and STAT3 were significantly increased in the hippocampus of control IL-6 tg mice compared to hippocampus of control non-tg mice, consistent with the increased expression of IL-6 in the CNS of the IL-6 tg mice (STAT3, U ¼ 2, n 1 ¼ 8, n 2 ¼ 8, p ¼ 0.002; pSTAT3, U ¼ 0, n 1 ¼12, n 2 ¼ 12, p < 0.0001), and our previous results (Nelson et al., 2012) . Interestingly, alcohol exposure/withdrawal had opposite effects on the level of pSTAT3 in hippocampus from IL-6 tg and non-tg mice. In hippocampus from alcohol exposed/withdrawn IL-6 tg mice pSTAT3 levels were significantly reduced compared to pSTAT3 levels in hippocampus from control IL-6 tg mice (U ¼ 16, n 1 ¼ 9, n 2 ¼ 12, p ¼ 0.007), whereas in hippocampus of alcohol exposed/withdrawn non-tg mice pSTAT3 levels were significantly increased compared to pSTAT3 levels in hippocampus from control non-tg mice (F(1,21) ¼ 7.551, p ¼ 0.01) (Fig. 4A) . Simple regression analysis of pSTAT levels in the hippocampus and BALs showed a significant linear relationship between average BALs and pSTAT3 levels in IL-6 tg mice with a predictive value of 51% for the relationship between BALs and the decrease in pSTAT3 levels (F(1,12) ¼ 12.63, p ¼ 0.00, R 2 ¼ 0.51, Y ¼ 3.76e0.01 *X) (Fig. 4B) . The non-tg mice also showed a significant linear relationship between average BAL and pSTAT3 levels with a predictive value of 31% for the relationship between BALs and the increase in pSTAT3 levels ( (Fig. 4B ). STAT3 levels were not significantly different between hippocampus from alcohol exposured/withdrawn and control mice for either genotype (IL-6 tg, (Fig. 4C) . The most prominent difference in normalized EEG power between alcohol exposured/withdrawn and control mice was observed for alpha power (Fig. 3C1 ). To assess a potential contribution of pSTAT3 to this difference, we used a simple regression analysis for mice where both EEG and pSTAT3 measurements were available for the same mouse. Results from IL-6 tg mice showed a significant linear relationship between hippocampal pSTAT3 levels and normalized alpha power for the all three withdrawals (Fig. 4D , Table 2 ). Predictive values ranged from 38 to 53%. Thus, pSTAT3 levels had a substantial predictive value for the variation in normalized alpha power for the IL-6 tg mice. In contrast, for the non-tg mice regression analysis for hippocampal pSTAT3 levels and normalized alpha power reach significance only for the 3rd withdrawal (Fig. 4E, Table 2 ). Other withdrawals did not show a significant relationship and showed small predictive values (5e19%) between pSTAT3 levels and the variation in normalized alpha power (Fig. 4E, Table 2 ).
Similar regression analysis was also applied to data for the delta, theta and gamma normalized EEG power. The analysis for the IL-6 tg mice showed a significant linear relationships between pSTAT3 levels and normalized EEG power and substantial predictive value (47%) for the delta band during the 3 RD withdrawal, and theta band during the 1st (42%) and 2 ND withdrawals (41%) ( Table 2) . Significant results were also observed in the IL-6 tg mice for the gamma band during the 2 ND and 3 RD withdrawals (Table 2 ). Other comparisons for the IL-6 tg mice were not significant (Table 2 ). In the non-tg mice, significant results were observed for the alpha band during the 3 RD withdrawal, but there was no significance relationship for other frequency bands (Table 2) . Taken together, these results indicate a significant involvement of pSTAT3 in EEG activity during withdrawal for the IL-6 tg mice but not for the non-tg mice.
GABAergic inhibition
Chronic exposure to alcohol using an intermittent exposure paradigm has been shown to reduce GABAergic synaptic (i.e., phasic) and tonic (extrasyanptic) inhibitory influences in the brain (Kumar et al., 2004; Olsen and Spigelman, 2012; Roberto and Varodayan, 2017) , which could contribute to the altered EEG activity in the IL-6 tg mice. The reduced GABA influences have been shown to involve alcohol-induced changes in subunit composition and cellular distribution of GABA A receptors (GABA A Rs) (Kumar et al., 2004; Olsen and Spigelman, 2012; Roberto and Varodayan, 2017) . GABA A Rs are comprised of several different receptor subunits. GABA A R containing a1 or a2 subunits are the most abundant synaptic GABA A Rs In the CA1 region of the mouse hippocampus, whereas GABA A R containing the alpha-5 subunit with a minor contribution of d are the main subunits responsible for tonic inhibition in this brain region and do not contribute to phasic inhibition (Glykys et al., 2008; Luscher and Keller, 2004) . The hippocampus expresses a high level of the GABA A R alpha-5 subunit mRNA, primarily in the CA3 and CA1 region (Wisden et al., 1992) . We examined by Western blot expression of these subunits and other components of GABA-mediated phasic and tonic transmission in the hippocampus to assess a potential role for GABAergic influences in IL-6/alcohol interactions that alter EEG activity during withdrawal.
Western blot analysis of hippocampus from control IL-6 tg and control non-tg mice showed that hippocampus from IL-6 tg mice express significantly higher levels of GABA A R alpha-5 than hippocampus from non-tg mice (U ¼ 24, n 1 ¼10, n 2 ¼ 11, p ¼ 0.03) (Fig. 5A) . Alcohol exposure/withdrawal significantly reduced the level of GABA A R alpha-5 in hippocampus from both IL-6 tg and non-tg mice compared to hippocampus from their respective control mice (IL-6 tg, U ¼ 14, n 1 ¼ 8, n 2 ¼ 10, p ¼ 0.02; non-tg, (F(1,19) ¼ 6.51 p ¼ 0.02) (Fig. 5A) . Hippocampus from control IL-6 tg and control non-tg mice did not differ significantly in the level of GABA A R alpha-1 (U ¼ 25, n 1 ¼10, n 2 ¼ 9, p ¼ 0.10, MannWhitney) (Fig. 5A ). The level of GABA A R alpha-1 in the hippocampus was not significantly altered by alcohol exposed/withdrawal for either genotype (IL-6 tg: F(1,15) ¼ 0.216, p ¼ 0.65; non-tg: F(1,18) ¼ 2.399, p ¼ 0.14) (Fig. 5A) .
Because GABA receptors are known to be an important target of alcohol action, we used regression analysis to determined if there was a significant relationship between the levels of hippocampal GABA A R alpha-5 or GABA A R alpha-1 and normalized EEG activity measured during withdrawal. For the non-tg mice, simple regression analysis showed significant linear relationships between GABA A R alpha-5 levels and normalized EEG power during the 1 ST withdrawal for delta, theta, and alpha frequencies (delta, F (1,14) (Table 3 ). For the IL-6 tg mice, simple regression analysis showed a significant linear relationship Fig. 3 . Effects of alcohol exposure/withdrawal on normalized EEG activity in IL-6 tg and non-tg mice. A,B1,C1,D1. Changes in normalized EEG activity over the three withdrawals for the delta (A1), theta (B1), alpha (C1) and gamma (D1) frequency bands in alcohol exposed (EtOH) and control IL-6 tg and non-tg mice. A2,B2,C2,D2. Mean/median EEG power for time periods of apparent treatment differences within a genotype over the three withdrawals for the delta (A2), theta (B2), alpha (C2) and gamma (D2) frequency bands. Time periods analyzed are indicated under each withdrawal. Numbers in/under bars indicate number of animals studied. * ¼ significantly different from non-tg of the same genotype. In this and other figures, results from parametric statistical analysis are displayed in bar graphs as mean ± SEM. For non-parametric data, median, maximum, and minimum values are displayed in box graphs.
between GABA A R alpha-5 levels and normalized EEG power during the 1 ST withdrawal for delta and alpha frequencies (delta, (Fig. 4C, Table 3 ). Simple regression analyses of GABA A R alpha-5 vs. normalized EEG activity for other frequency bands and withdrawals were not significantly different (Table 3) . Simple regression analysis also showed a significant linear relationship between GABA A R alpha-1 levels and normalized EEG (Fig. 5D ). Analyses for other frequency bands for the non-tg mice and all frequency bands for the IL-6 tg mice did not show a significant linear relationship between GABA A R alpha-1 levels and normalized EEG power (not shown). These results suggest an important contribution of hippocampal GABA A Rs containing the alpha-5 subunit to the effects of WD ¼ withdrawal period; ns ¼ non-significant, S ¼ significant difference (p < 0.05), Y ¼ alcohol-treated lower power than control; ↑ ¼ alcohol-treated higher power than control. Fig. 4 . Interactions between alcohol exposure/withdrawal and hippocampal STAT3 levels. A. pSTAT3 levels in control and alcohol exposed/withdrawn non-tg and IL-6 tg mice. For this and other graphs of Western blot data, representative samples of Western blots are shown above the respective bar in the graph. The top band is the protein of interest and the bottom band is beta-actin (see also Supplemental figure) , B. Regression analysis showing relationship between BAL and pSTAT3 levels in control and alcohol exposed/withdrawn non-tg and IL-6 tg mice. C. STAT3 levels in control (C) and alcohol (E) exposed/withdrawn non-tg and IL-6 tg mice. D. Regression analysis showing relationship between normalized EEG alpha power and pSTAT3 levels in control and alcohol exposed/withdrawn IL-6 tg mice. E. Regression analysis showing relationship between normalized EEG alpha power and pSTAT3 levels in control and alcohol exposed/withdrawn non-tg mice. * ¼ significant difference between control and alcohol exposed/withdrawn mice of the same genotype. # ¼ significant difference between control non-tg and IL-6 tg mice.
alcohol exposure/withdrawal on normalized EEG activity during the 1 ST withdrawal in both genotypes and hippocampal GABA A R containing the alpha-1 subunit during the 1 ST withdrawal in the non-tg mice. We also measured by Western blot in hippocampus from control and alcohol exposed/withdrawn IL-6 tg and non-tg mice levels of VGAT, which is responsible for uptake and storage of GABA into synaptic vesicles, GAD65/67, the synthetic enzymes for GABA, and gephyrin, an important inhibitory synaptic scaffold protein involved in GABA A R trafficking and cellular localization (Choii and Ko, 2015) . Hippocampus from control IL-6 tg mice expressed a significantly higher level of VGAT than hippocampus from control non-tg mice (U ¼ 5, n1 ¼ 9, n2 ¼ 9, p ¼ 0.002) (Fig. 6A ). There was a significant reduction in the level of VGAT between hippocampus from alcohol exposed/withdrawn mice and the respective control mice for both genotypes (IL-6 tg: U ¼ 10, n1 ¼ 9, n2 ¼ 9, p ¼ 0.007; non-tg: U ¼ 5, n1 ¼ 9, n2 ¼ 8, p ¼ 0.003) (Fig. 6A) . These results suggest that levels of GABA in synaptic vesicles may be reduced by the alcohol exposure/withdrawal treatment.
There was no significant difference in the level of GAD65 or GAD67 between hippocampus from control IL-6 tg and control non-tg mice (GAD65, U ¼ 38, n1 ¼ 11, n2 ¼ 9, p ¼ 0.38; GAD67, F(1,18) ¼ 3.08, p ¼ 0.10) (Fig. 6B) . Alcohol exposure/withdrawal did not alter the level of GAD 65 or GAD67 in hippocampus of either IL-6 tg or non-tg mice compared to their respective controls (IL-6 tg: GAD 65, (F(1,18) ¼ 0.075, p ¼ 0.79, GAD 67, F(1,18) ¼ 0.063, p ¼ 0.80; non-tg: GAD 65, (F(1,16) ¼ 1.00, p ¼ 0.33, GAD 67, (F(1,16) ¼ 3.103, p ¼ 0.10) (Fig. 6B) .
There was no significant difference in the level of gephyrin between hippocampus from control IL-6 tg and control non-tg mice (F(1,12) ¼ 0.021, p ¼ 0.89) (Fig. 5B) . There was also no significant difference on the level of gephyrin between hippocampus from alcohol exposed/withdrawal mice and the respective control mice for either genoptype (IL-6 tg: (F(1,12) (Fig. 6B) .
Cell specific proteins
The levels of the astrocyte protein GFAP, the neuronal protein enolase-2 (neuron specific enolase), and beta-actin, which is found in all cells, were also measured by Western blot, as a general assessment of potential cell toxicity due to the treatment paradigm.
The level of GFAP was significantly higher in hippocampus from control IL-6 tg mice compared to hippocampus from control non-tg mice (U ¼ 0, n1 ¼ 9, n2 ¼ 8, p ¼ 0.0005), as expected based on the higher level of pSTAT3 in the IL-6 tg mice. STAT3 is known to regulate expression of GFAP (Lee et al., 2009; Sanz et al., 2008) (Fig. 6C) . There was significant reduction in the level of GFAP in 
hippocampus from alcohol exposed/withdrawal IL-6 tg mice compared to hippocampus from control IL-6 tg mice (F(1,15) ¼ 4.55, p ¼ 0.05), but no significant difference between hippocampus from alcohol exposed/withdrawal and control non-tg mice (F(1,14) ¼ 0.44, p ¼ 0.52) (Fig. 6C) . The reduction in GFAP in the hippocampus from alcohol exposed/withdrawn IL-6 tg mice is presumably due to the lower levels of pSTAT3, a regulator of GFAP levels (Ceyzeriat et al., 2016) .
There was no significant difference in the levels of enolase or beta-actin between hippocampus from control IL-6 tg mice and control non-tg mice (enolase, F(1,23) ¼ 0.197 p ¼ 0.66; beta-actin, F(1,20 ¼ 2.688, p ¼ 0.12) (Fig. 6C) . The levels of enolase and betaactin in hippocampus from alcohol exposed/withdrawn mice were not significantly different from hippocampus of the respective control mice for either genoptype (enolase; IL-6 tg, F(1,15) ¼ 0.478 p ¼ 0.50; non-tg, F(1,17) ¼ 0, p ¼ 0.93; beta-actin: IL-6 tg, F(1,18) ¼ 0.533, p ¼ 0.47); non-tg, F(1,19) ¼ 1.062, p ¼ 0.32) (Fig. 6C) .
Discussion
EEG activity
A number of studies using EEG recordings have demonstrated that acute or chronic alcohol exposure alters brain activity during alcohol withdrawal, with the alteration depending on the brain region studied, alcohol exposure paradigm, alcohol dose and time post-alcohol when recordings were made (Ehlers and Chaplin, 1991; Ehlers et al., 2013; Ehlers and Slawecki, 2000; Pian et al., 2008; Poldrugo and Snead, 1984; Veatch and Becker, 2002; Veatch and Gonzalez, 1996; Walker and Zornetzer, 1974; Wiggins et al., 2013) . Our EEG studies of IL-6 tg and non-tg mice also demonstrate altered brain activity during alcohol withdrawal. In addition we show using IL-6 tg mice, that persistently increased levels of IL-6 in the brain modifies the effects of alcohol exposure/ withdrawal on brain activity during withdrawal and protein activation/expression. The behavioral consequences of these changes remain to be determined.
In the non-tg mice alcohol exposure/withdrawal altered normalized EEG activity during withdrawal for the delta, theta and alpha frequencies, and in the IL-6 tg mice for the theta, alpha and gamma frequencies. There was no significant effect of alcohol exposure/withdrawal on delta frequency in the IL-6 tg mice or gamma frequency in the non-tg mice. Thus, IL-6 expression in the IL-6 tg mice produced neuroadaptive changes that altered the vulnerability of the delta and gamma frequency bands (or their interaction) to alcohol exposure/withdrawal. For the theta and alpha frequencies, the nature of the effect of alcohol exposure/ withdrawal (a significant reduction in normalized EEG power) was similar for both genotypes. However, in the non-tg mice the most prominent effects on the theta and alpha frequencies were observed during the 1 ST and 2 ND withdrawals, whereas in the IL-6 tg mice the most prominent effects on the theta and alpha bands were observed during the 2 ND and 3 RD withdrawals. EEG data during the three withdrawals are expressed relative to the average Interactions between alcohol exposure/withdrawal and hippocampal GABA A R levels. A. Relative level of GABA A R alpha-5 and GABA A R alpha-1 subunit expression in hippocampus from control and alcohol exposed/withdrawn non-tg and IL-6 tg mice. B. Regression analysis showing relationship between GABA A R alpha-5 levels and normalized EEG power for the delta, theta and alpha bands in control and alcohol exposed/withdrawn non-tg mice. C. Regression analysis showing relationship between GABA A R alpha-5 levels and normalized EEG power for the delta and alpha bands in control and alcohol exposed/withdrawn IL-6 tg mice. D. Regression analysis showing relationship between GABA A R alpha-1 levels and normalized EEG power for the theta and alpha bands in control and alcohol exposed/withdrawn non-tg mice. * ¼ significant difference between control and alcohol exposed/withdrawn mice of the same genotype. # ¼ significant difference between control non-tg and IL-6 tg mice. Fig. 6 . Relative expression of cell proteins in hippocampus of alcohol exposed/withdrawn non-tg and IL-6 tg mice. A. VGAT. B. GAD65/67 and gephyrin. C. Enolase, GFAP and betaactin. * ¼ significant difference between control and alcohol exposed/withdrawn mice of the same genotype. # ¼ significant difference between control non-tg and IL-6 tg mice.
for first 3 h of each withdrawal, when alcohol levels are still likely to be elevated. Thus, the genotypic differences in the theta and alpha frequencies could indicate a maintained effect of alcohol through the first withdrawal period in the IL-6 tg mice, an effect that would presumably result from IL-6/alcohol interactions. A maintained effect of alcohol, or lack of sensitivity to alcohol in the IL-6 tg mice could also play a role in the genotypic differences observed for the delta frequency, where alcohol exposure/withdrawal produced a decrease in normalized EEG power in the non-tg mice but no apparent effect in the IL-6 tg mice. Alcohol levels during and across withdrawals could also be a factor in genotypic differences in EEG activity observed in our studies. For example, if the rate of alcohol clearance or metabolism differed for IL-6 tg and non-tg mice, this could result in genotypic differences in EEG activity during withdrawals. Although the majority of alcohol metabolism takes place in the liver, the brain is also known to metabolize alcohol (Wang et al., 2013) . In addition, differences in alcohol levels or sensitivity to alcohol exposure/withdrawal could effect alcohol/withdrawal-induced IL-6 expression, and thereby further contribute to genotypic differences observed in our studies. Similar factors could also play a role in the studies of protein activation/expression, which showed genotypic differences. BALs were not measured during withdrawal in our studies, to avoid stress that could compromise the EEG recordings.
Of consideration relative to our results are the technical issues inherent in the EEG technique, including effects surgery used to implant the EEG electrodes and the continued presence of the electrodes in the brain. In our studies, the mice were allowed at least 2 weeks to recover after surgical implantation, were treated to minimize an inflammatory response to surgery, and both non-tg and IL-6 tg mice were treated in a similar manner. Studies by others in rats showed that electrode implantation in vivo caused cytokine induction at the site of implantation (hippocampus studied) and that this effect had recovered when measurements of cytokine levels were made three weeks after implantation and physiological studies were carried out (electrode still implanted) (Jankowsky et al., 2000) . These findings suggest that technical issues inherent in EEG studies are minimized provided the animals are allowed to recover from the implantation process. However, the possibility that covert genotypic differences impacted the recovery process or a reaction to the implanted electrodes cannot be eliminated in our studies, which did not address this issue.
Repetitive patterns of alcohol exposure/withdrawal have been shown to result in progressive increases in the intensity of withdrawal effects on brain activity (Gonzalez, 1998; Veatch and Becker, 2002; Walker and Zornetzer, 1974 ). An increase in the effect of alcohol exposure/withdrawal on normalized alpha power (i.e., a reduction) with successive withdrawals was apparent in the IL-6 tg mice. However, the oscillating nature of the activity during withdrawal for all of the frequency bands made quantitative comparisons across withdrawals difficult for both the IL-6 tg and non-tg mice.
The most prominent effect of alcohol exposure/withdrawal on normalized EEG power was observed for the alpha band during the 3 RD withdrawal in the IL-6 tg mice, indicating a larger influence of alcohol/IL-6 interactions on alpha frequency than other frequencies in the IL-6 tg mice. Interestingly, the thalamus, a brain region thought to play a central role in the generation of alpha frequencies (David et al., 2016; Ketz et al., 2015) , expresses a high level of the IL-6 transcript in the IL-6 tg mice (Campbell et al., 1993) . Thus, alcohol/ IL-6 interactions in the thalamus could play an important role in the effects of alcohol exposure/withdrawal on the alpha band in the IL-6 tg mice. In addition, the hippocampus is thought to play a prominent role in brain activity measured in the EEG recording in alcohol-exposed animals (Gonzalez, 1998; Veatch and Gonzalez, 1996) . The hippocampus of the IL-6 tg mice contains one of the highest number of transgene-expressing astrocytes in the forebrain region (Vallieres et al., 2002) . The physiological properties of both thalamic and hippocampal neurons are altered by exogenous exposure to IL-6 (Li et al., 1997; Samios and Inoue, 2014; Tancredi et al., 2000) , consistent with an ability of IL-6 to induce neuroadaptive changes in these brain regions, changes that could be involved in the IL-6/alcohol interactions that affected EEG activity in our studies. However, multiple sources and complex interactions occur between the neuronal networks mediating the different EEG frequency bands (Herrmann et al., 2016) . Therefore, alcohol/IL-6 interactions in multiple brain regions are likely to contribute to the genotypic differences observed in our studies.
IL-6 signal transduction
The primarily signal transduction pathway utilized by IL-6 involves Janus kinase 2 (JAK2) activation of STAT3 by phosphorylation of tyrosine 705 on STAT3 ( pSTAT3Try 705 ), which was examined in our studies. IL-6 can also activate STAT3 by mitogen activated protein kinase (MAPK) phosphorylation of STAT3 at serine 727 (pSTAT3Ser 727 ). As expected, under control conditions pSTAT3 levels were higher in hippocampus from IL-6 tg mice than in hippocampus from non-tg mice, presumably due to increased IL-6 expression in the IL-6 tg brain. Surprisingly, alcohol exposure/ withdrawal produced opposite effects on pSTAT3 levels in hippocampus from IL-6 tg and non-tg mice, with a reduction in pSTAT3 levels in hippocampus from IL-6 tg mice, but an increase in pSTAT3 levels in hippocampus from non-tg mice. Regression analysis showed that BALs had a predictive value for both the decrease in pSTAT3 levels in the hippocampus of alcohol exposed/withdrawn IL-6 tg mice and the increase in pSTAT3 levels in hippocampus of alcohol exposed/withdrawn non-tg mice. Regression analysis also showed that the level of pSTAT3 had a substantial predictive value (~40%) for normalized delta, theta and alpha EEG power for one or more of the three withdrawals in the IL-6 tg mice, but for only one withdrawal (alpha frequency, 3 RD withdrawal) in the non-tg mice (Table 2) . Thus, the reduced hippocampal level of pSTAT3 appears to play a more substantive role in EEG activity during withdrawal in the IL-6 mice than the increased hippocampal levels of pSTAT3 in the non-tg mice.
Little is known about the effects of alcohol on the STAT3 signaling in brain cells, although some information is available for other cell types. STAT3 signal transduction is utilized by several signaling factors in addition to IL-6, for example leptin. Acute alcohol has been reported to significantly inhibit leptin-induced activation of STAT3 at Tyr 705 in the hypothalamus of rats subjected to icv application of leptin (Fujita et al., 2003) , and to inhibit leptin-induced STAT3 activation at Tyr 705 in human hepatoma cell lines (Degawa-Yamauchi et al., 2002) . Acute alcohol has also been reported to significantly inhibit IL-6-induced STAT3 activation at the Tyr 705 in freshly isolated hepatocytes (Chen et al., 1999) , and human monocytes (Norkina et al., 2008) . The inhibitory actions of alcohol on STAT3 activation in these studies are consistent with our results, although our studies involved chronic exposure to alcohol. In contrast, in breast cancer cell lines (MCF-7 and MDA MB-231 cells), acute alcohol increased STAT3 activation through phosphorylation of Ser 727 (Narayanan et al., 2016 (Bachtell et al., 2002) . In human monocytes alcohol was shown to directly (no ligands) induce STAT3 activation (Norkina et al., 2008) . Thus, alcohol can positively or negatively regulate STAT3 activation through several pathways. In our studies, alcohol exposure/ withdrawal decreased STAT3 activation in hippocampus from IL-6 tg mice and increased STAT3 activation in hippocampus from non-tg mice, and both effects involved the Tyr 705 site. The mechanisms underlying these opposing effects on STAT3 in the IL-6 tg and non-tg mice remain to be identified. The higher levels of hippocampal pSTAT3 and STAT3 in the IL-6 tg mice under baseline conditions could be a contributing factor. IL-6 signaling is regulated by a negative feedback pathway involving SOCS3 (STAT3 regulated expression of suppressor of cytokine signaling 3), which interferes with IL-6R-mediated activation of STAT3 at the JAK2 site. Neuroadaptive changes in the SOCS3 pathway in the IL-6 tg mice could alter the effects of alcohol exposure/withdrawal. Other interacting pathways or brain regions could also be critical factors in differences observed between the IL-6 tg and non-tg mice. Future studies will pursue these issues.
GABAergic inhibition
Synaptic network activity underlies the brain activity observed in the EEG recordings, and involves both excitatory and inhibitory synaptic transmission mediated by glutamate and GABA, respectfully. Both forms of synaptic transmission are target sites of alcohol action (Lovinger and Roberto, 2013) . In the current studies, we investigated potential differences in the effects of alcohol exposure/ withdrawal on the GABAergic system involved in hippocampal function. Western blot analysis of hippocampus from control IL-6 tg and control non-tg mice showed a genotypic difference in the level of the alpha-5 subunit of GABA A R, a subunit that plays and important role in tonic inhibitory influences in the hippocampus (Glykys et al., 2008) , and VGAT, the vesicular transporter for GABA. Both GABA A R alpha-5 and VGAT were significantly higher in hippocampus from the control IL-6 tg mice compared to hippocampus from the control non-tg mice, and the levels of both were decreased by alcohol exposure/withdrawal in both genotypes. Thus, persistently increased levels of IL-6 produces neuroadaptive changes that alter the level of presynaptic and postsynaptic proteins of the inhibitory GABAergic system in the hippocampus. In contrast, there was no genotypic difference in the levels or effect of alcohol exposure/withdrawal on GAD65/67, the synthetic enzyme for GABA, gephyrin, an important inhibitory synaptic scaffold protein involved in GABA A R trafficking and cellular localization, and the house keeping proteins beta actin and enolase. The lack of effect on beta actin and enolase suggests that cell toxicity was absent or minimal at the level of alcohol exposure used in our studies.
The GABA A R alpha-5 subunit is primarily expressed in the hippocampal region of the rodent brain where receptors containing this subunit are localized at extrasynaptic sites on pyramidal cells and play a critical role in tonic inhibition and certain forms of memory and learning (Brunig et al., 2002; Collinson et al., 2002; Crestani et al., 2002; Fritschy and Mohler, 1995; Martin et al., 2010; Sur et al., 1999; Wisden et al., 1992) . Alcohol exposure/withdrawal decreased the levels of the GABA A R alpha-5 subunit in both genotypes, but to a greater extent in the hippocampus from IL-6 tg mice, perhaps because of the higher baseline levels of GABA A R alpha-5 in these mice. These results are consistent with other studies that report decreases in GABA A R alpha-5 subunit expression as a consequence of alcohol exposure (June et al., 2001; McKay et al., 2004; Worst and Vrana, 2005) . Receptors containing the GABA A R alpha-5 subunit are thought to play an important role in aspects of alcohol drinking (Boehm et al., 2004; Pickering et al., 2007; RuediBettschen et al., 2013) (June et al., 2001; McKay et al., 2004; RuediBettschen et al., 2013) . Also, a significant association between the gene encoding for the GABA A R alpha-5 subunit and alcohol dependence was identified in humans (Song et al., 2003) . These findings suggest that the IL-6 tg mice may show enhanced alcohol drinking, a possibility that is currently under study. Enhanced alcohol drinking in the IL-6 tg mice would be consistent with results from studies by Blednov et al. (2012) that showed reduced alcohol preference in a two-bottle drinking test in IL-6 null mice.
In contrast to the GABA A R alpha-5 subunit, there was no change in the level of GABA A R alpha-1 in hippocampus from IL-6 tg and non-tg mice, as others have reported (Cagetti et al., 2003; Matthews et al., 1998) . However, a chronic alcohol-induced increase in GABA A R alpha-5 (mRNA) expression and decrease in GABA A R alpha-1 (mRNA & protein) has been reported in the rat hippocampus after prolonged (12 weeks) chronic alcohol exposure (Charlton et al., 1997) .
Interestingly, regression analysis indicated substantial predictive value for a relationship between the decrease in GABA A R alpha-5 levels and decrease in normalized EEG activity during the 1 ST withdrawal for the delta and alpha frequencies in the IL-6 tg, and for the delta, alpha and theta frequencies in the non-tg mice. GABA A R alpha-5 containing receptors mediate tonic inhibition In the hippocampus, primarily in the CA1 and CA3 regions (Glykys et al., 2008) . Thus, our results suggest that GABA A R alpha-5 containing receptors in the CA1 and CA3 regions play a more important role in the 1 ST withdrawal in both genotypes than subsequent withdrawals, and that IL-6 tg and non-tg mice differ in the contribution of GABA A R alpha-5 containing receptors, and presumably tonic inhibition, to EEG activity during the 1 ST withdrawal.
Regression analysis also indicated a substantial predictive value for a relationship between GABA A R alpha-1 levels, which are expressed throughout the hippocampus (Kasugai et al., 2010; Wisden et al., 1992) , and normalized EEG activity during the 1 ST withdrawal for the theta and alpha frequencies in the non-tg mice but not in the IL-6 tg mice. Thus, GABA A R alpha-1 containing receptors, and presumably phasic inhibition, play a more important role in the 1 ST withdrawal than subsequent withdrawals in the nontg mice, and IL-6 tg and non-tg mice differ in the contribution of GABA A R alpha-1 containing receptors to EEG activity during the 1 ST withdrawal. For the frequency bands and withdrawals studied by regression analysis, the predictive value was less than 100% or the predictive value was low. Thus, other GABA A Rs subunits, mechanisms, or brain regions presumably contribute to or mediate genotypic differences and differences across the three withdrawals. Gamma and theta frequency activity has been intensively studied in the hippocampus and shown to involve GABA A R-mediated inhibition, and in particular, feedback inhibition provided by parvalbumin (PAV)-expressing basket cells (Bartos et al., 2007) . Morphological changes and cell loss have been noted for PAV expressing basket cells in the hippocampus of IL-6 tg mice (Heyser et al., 1997) , which may have contributed a vulnerability to the actions of alcohol exposure/ withdrawal and, consequently, EEG theta and gamma activity in the IL-6 tg mice.
In the current studies we did not examine the influence of alcohol exposure/withdrawal on excitatory synaptic transmission, a topic that will be pursued in future studies. The relationship of the normalized EEG power to hippocampal neuronal activity was also not addressed in the current studies. However, numerous studies have shown that withdrawal from chronic alcohol results in increased neuronal activity in the hippocampus and that this effect progressively intensifies during multiple withdrawals (Becker, 1994; Becker and Mulholland, 2014; Little, 1999; Ripley et al., 1996; Veatch and Gonzalez, 1996) , which could be mediated by decreased inhibition and/or increased excitation.
Taken together, results from our studies support the idea that persistently increased levels of IL-6 in the CNS, which has been shown to occur in situations characteristic of alcohol use disorders (see Introduction), can lead to significant neuroadaptive changes.
These changes can alter the contribution of alcohol targets such as GABA A Rs to brain activity and the effects of alcohol exposure/ withdrawal on brain activity. Such changes could also play an important role in defining the impact of alcohol on the brain in subjects suffering from neurological disorders associated with elevated levels of IL-6 in the brain (e.g., brain infection such as HIV, neurodegenerative diseases, aging, neuropsychiatric disorders) (Gruol, 2014; Gruol and Nelson, 1997) , a possibility that deserves further consideration.
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